Dividing meristematic cells are thought to be more sensitive to extreme temperatures compared to other tissues, such as chlorenchyma. This was examined for low and high temperatures for three widely cultivated cacti: Nopalea cochenillifera, Opuntia robusta, and Selenicereus megalanthus. Temperature tolerances of chlorenchyma and meristem were based on the cellular uptake of the vital stain neutral red for plants at mean day/night air temperatures of 25/20
Introduction
One of the most biologically important aspects of a plant's survival is its resistance to extreme low and high temperatures [1] [2] [3] . Indeed, a considerable investment of resources into different morphological and physiological strategies can occur to avoid damage resulting from extreme temperatures [4] . Freezing avoidance can be achieved by protecting plant organs through insulation and avoidance of ice nucleation [5] . An increase of inflorescence or stem pubescence with decreasing air temperature has been observed in arborescent rosette plants, such as in the genus Puya [4] , and columnar cacti, such as Carnegiea gigantea [6, 7] . Additionally, cactus stems often have lowered water content as winter approaches, which increases osmotic pressure and concomitantly lowtemperature tolerance [1, [8] [9] [10] . Other cacti, such as Lemaireocereus thurberi [6] and Opuntia acanthocarpa [11] , have increased stem shading by spines as shortwave irradiation increases, which moderates high stem temperatures [1] .
Tissue sensitivity to extreme temperatures can determine survival, distribution, and areas of cultivation. In particular, sensitivity of chlorenchyma cells to extreme temperatures in cacti and other succulents has been widely studied with regard to plant distribution along elevational and latitudinal gradients and under different conditions for cultivation [1, 6, 7, 12] . Plant tissue damage resulting from extreme temperature episodes may be fatal immediately or several years later [1] . Freezing can lead to the formation of intracellular ice crystals that can puncture the cell membrane and result in cell death [13] . Extracellular ice crystals can form from water diffusing out of the cells, resulting in cellular dehydration and disrupted metabolism [14] . High temperatures can denature proteins and disrupt membrane function [3] .
Little research has been conducted on the different temperature sensitivities and acclimation among tissue types. On the other hand, different plant organs, such as fruits, roots, and stems, exhibit different sensitivities to extreme temperatures [10, 15] . Also, considerable resources are allocated to anatomical features that protect vital vegetative areas, such as the apical meristem of many cacti [1] . Meristematic tissue is thought to be especially sensitive to extreme temperatures, as dividing cells are less resistant to cold temperatures [16, 17] . Thus, it is hypothesized that chlorenchyma, parenchyma, and meristem tissue have different temperature tolerances and that such differences may be observed across cactus species.
In the present study, three species of Cactaceae were chosen that are increasingly cultivated and on which little physiological research has been conducted. Nopalea cochenillifera is treelike, can reach a height of 4 m, and is native to southern Mexico; its cladodes (flattened stem segments) are used for food ("nopalitos") and fodder, and also to rear cochineal insects to obtain a commercially important red dye. Opuntia robusta is shrub-to tree-like, grows to a height of 3 m, and is native to central Mexico; it is used for nopalitos and also as a source of fruits (called "tunas" or "cactus pears"). Selenicereus megalanthus is a hemiepiphytic vine cactus native to tropical America that is cultivated worldwide for its fruits (known as "yellow pitahayas"). This study measures differences of tolerance and acclimation to low and to high temperature among different tissue types, namely, chlorenchyma, parenchyma, and meristem. [19] (Cactaceae) were obtained from the Cactus Trading Company (Jamul, CA, USA), in May 2000. All cacti were planted with one-quarter of their stem length in soil in individual plastic pots 20 cm in diameter that were filled to a depth of 18 cm with loamy sand [1] . The plants were maintained in a temperature-controlled glasshouse with mean day/night air temperatures of 25/20
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• C and were watered weekly with 5% (0.05-strength) Hoagland's solution supplemented with micronutrients [20] .
To examine temperature acclimation, plants were transferred in February 2007 to Conviron E-15 environmental chambers (Controlled Environments, Pembina, ND, USA), where five plants were maintained for 100 days with day/night air temperatures of 10/5
• C or 45/40
• C before determining the tissue temperature sensitivity.
Temperature Tolerances.
The low-and the high-temperature sensitivities of chlorenchyma, parenchyma, and meristem cells were based on the uptake into the central vacuole of the vital stain neutral red, 3-amino-7-dimethylamino-2-methylphenazine hydrochloride (Fisher Scientific, Hampton, NY, USA), which occurs only for living cells and indicates cellular membrane integrity [15, [21] [22] [23] . In particular, this lipophilic dye readily penetrates the plasma membrane and the tonoplast of living plant cells when unprotonated; it becomes protonated and trapped in the central vacuole, which is acidic [24] . Tissue samples were taken with a cork borer 6 mm in diameter. To sample chlorenchyma and parenchyma cells, samples were taken at mid-stem, while meristem samples were taken at the areoles (axillary buds that produce a cluster of spine primordia). Copper-constantan thermocouples 0.51 mm in diameter were placed in contact with the samples to measure tissue temperature [10] ; an HH-25TC digital thermometer (Omega Engineering, Stamford, CT, USA) was used to determine the thermocouple voltage. Samples were placed in 2-mL plastic microcentrifuge tubes (low temperature) or in aluminium foil (high temperature) with moist filter paper to prevent desiccation and exposed to a particular treatment temperature for 60 min, similar to the time that organs experience extreme temperatures in the field [1] . Low temperatures in 1-2
• C steps decreasing from 4 • C were obtained in an ULT-80 ultra-low-temperature freezer (Rheem Manufacturing, West Columbia, SC, USA). High temperatures in 2-4
• C steps increasing from 44
• C were obtained in a STM135 mechanical convection oven (Precision Scientific, Winchester, VA, USA).
After treatment at a particular temperature, tissue slices approximately 200 µm thick generally containing two cell layers were prepared with a razor blade. The slices were placed in 0.2% (w/w) neutral red for chlorenchyma and parenchyma tissue and 0.1% for meristem tissue in 0.25 M potassium phosphate buffer (pH 7.8) for 60 min at 25
• C for stain uptake (stain concentrations for maximal uptake vary with tissue type; [21] ). The slices were then washed in phosphate buffer for 10 min to remove excess stain, after which 300-350 cells were counted per plant at 100 × using a BH-2 phase-contrast light microscope (Olympus, Lake Success, NY, USA) to determine the percentages of stained (deep pink to red) and unstained (clear to light orange) cells. The low and the high temperatures that reduced the stain by 50% relative to the control at 25
• C, for which 90-94% of the cells took up the stain, was identified as the LT 50 , which reliably predicts cell death and eventual tissue necrosis [1, 10, 15] . Data are presented as means ± SE (n = 5 plants), and statistical significance was evaluated using Student's ttest (SPSS Science, Chicago, IL, USA).
Results
Uptake of the vital stain neutral red by chlorenchyma cells steadily decreased as the temperature was lowered below 0
• C for all three species (Figure 1) . For chlorenchyma cells of plants maintained at day/night air temperatures of 25/20
• C, the low temperature that halved the percentage of cells taking up neutral red compared to the control at 25
• C, LT 50 , was −7.8 ± 0.2
• C for N. cochenillifera (Figure 1(a) ), −7.5 ± 0.2
• C for O. robusta (Figure 1(b) ), and −5.8 ± 0.2 • C for S. megalanthus (Figure 1(c) ). Similar responses were found for parenchyma cells, with an average LT 50 that was 0.3
• C lower (n.s.). However, under the same conditions, meristem cells were more tolerant of freezing temperatures than chlorenchyma cells, as LT 50 was 2.0
• C lower (P < 0.01) for N. cochenillifera (Figure 1(a) ), 2.6
• C lower (P < 0.01) for O. robusta (Figure 1(b) ), and 0.9
• C lower (P < 0.05) for S. megalanthus (Figure 1(c) ).
The increase of treatment temperature above 44
• C also steadily decreased the uptake of neutral red by chlorenchyma cells for plants maintained at day/night air temperatures of 25/20
• C (Figure 1 ). The high-temperature LT 50 for chlorenchyma cells was 56.3 ± 0.3
• C for N. cochenillifera (Figure 1(a) ), 57.1 ± 0.2
• C for O. robusta (Figure 1(b) ), and 54.6 ± 0.3
• C for S. megalanthus (Figure 1(c) ). As for the low-temperature tolerance, parenchyma cells had a similar response as chlorenchyma cells, with an LT 50 that averaged 0.4
• C lower (n.s.). Meristem cells had a greater high-temperature tolerance than chlorenchyma cells, with LT 50 being 5.0
• C higher (P < 0.01) for N. cochenillifera (Figure 1(a) ), 4.0
• C higher (P < 0.01) for O. robusta (Figure 1(b) ), and 3.0
• C higher (P < 0.01) for S. megalanthus (Figure 1(c) ).
Acclimation to lower and higher temperatures occurred for all three species (Table 1) . For plants maintained at 10/5
• C compared with 25/20
• C, the low-temperature LT 50 for chlorenchyma cells was 1.3
• C lower (P < 0.05) for N. cochenillifera, 1.3
• C lower (P < 0.05) for O. robusta, and 0.7
• C lower (P < 0.05) for S. megalanthus. Similarly, the low-temperature LT 50 for meristem cells was lower by 1.5
• C (P < 0.05) for N. cochenillifera, 1.1 • C (P < 0.05) for O. robusta, and 0.7
• C (P < 0.05) for S. megalanthus maintained at 10/5
• C (Table 1) . Thus, the low-temperature tolerated by both chlorenchyma and meristematic cells averaged 1.1
• C lower when the air temperatures were decreased by 15
• C. For plants maintained at 45/40
• C, the high-temperature LT 50 for chlorenchyma cells was 5.2
• C higher (P < 0.001) for N. cochenillifera, 5.5
• C higher (P < 0.001) for O. robusta, and 4.1
• C higher (P < 0.001) for S. megalanthus (Table 1 ). The high-temperature LT 50 for meristem cells also showed acclimation, being 2.0
• C higher (P < 0.05) for N. cochenillifera, 1.7
• C higher (P < 0.05) for O. robusta, and 3.7
• C higher (P < 0.05) for S. megalanthus at 
45/40
• C (Table 1) . Thus, the hightemperature tolerance at 45/40
• C averaged 4.9
• C higher for chlorenchyma cells and 2.5
• C higher for meristematic cells.
Discussion
Tissue types varied in their tolerances of low and high temperatures for all three cactus species, as indicated by the temperature halving the uptake of a vital stain (LT 50 ). In particular, meristematic cells were the least sensitive to extreme temperatures following a 60 min exposure, with an average of −10.0
• C for low temperatures and 61.2 • C for high temperatures for the two platyopuntia species, Nopalea cochenillifera and Opuntia robusta, under moderate growth conditions (day/night air temperatures of 25/20
• C). The chlorenchyma of these cacti had an average tolerance of −7.7 • C for low temperatures and 56.7
• C for high temperatures. The hemiepiphytic cactus, Selenicereus megalanthus, was 2 to 4
• C more sensitive to extreme temperatures under moderate growth conditions than the platyopuntias, but again the meristem was more tolerant than the chlorenchyma (0.9
• C for low temperatures and 3.0 • C for high temperatures). Overall, S. megalanthus was 1 to 3
• C less sensitive to extreme temperatures than another highly cultivated hemiepiphytic cactus, Hylocereus undatus [25, 26] . The tolerances of extreme temperatures for parenchyma cells were similar to those of chlorenchyma cells.
The low-temperature acclimation of chlorenchyma and meristem cells averaged 1.3
• C as day/night air temperatures were reduced by 15
• C (from 25/20 • C to 10/5 • C) for N. cochenillifera and O. robusta. Since plant death occurs about 4
• C below the low-temperature LT 50 [1, 8, 15] , the chlorenchyma and mersitem of these cacti would not succumb until −13 • C and −15 • C, respectively. The lower lowtemperature acclimation of 0.7
• C for S. megalanthus for both chlorenchyma and meristem reflects its greater sensitivity to cold temperatures than the two platyopuntias and was similar to the average cold hardening of 14 other species of cacti [1] . The high-temperature acclimation when day/night air temperatures were increased by 20
• C (from 25/20
• C to 45/40
• C) for N. cochenillifera and O. robusta chlorenchyma cells averaged 5.4
• C, comparable to 20 other species of cacti undergoing similar changes in air temperature [1, 11, 15, 25] . The high-temperature acclimation of meristematic cells averaged 1.9
• C for the two platyopuntia species; this smaller acclimation brought both tissue types to nearly the same average high-temperature tolerated (64
• C) by 18 other species of cacti [1] . The high-temperature acclimation of S. megalanthus for chlorenchyma and meristem cells averaged 3.9
• C, an acclimation greater than that of the more temperature-sensitive H. undatus [25] .
The ability to acclimate or "harden" is an important ecological strategy that changes organ sensitivity to extreme temperatures in a matter of days [1, 15, 27] . Lowtemperature acclimation can involve cryoprotectants such as sugars [5, 28] and for cacti can be mediated by abscisic acid [29] or lower ice nucleation temperatures [9] . Acclimation to high temperatures often involves changes in membrane properties [30, 31] and can involve specific proteins [32] .
The ecological significance of different low-and hightemperature tolerances for tissue types affects survival of cacti during extreme temperature events. In this regard, meristematic tissue averaged about 2.3
• C more tolerant of low temperature then chlorenchyma for N. cochenillifera and O. robusta. Meristematic tissue of many cacti, particularly that of the apical meristem, is protected by various anatomical properties that increase minimum surface temperature [1] . The increased temperature tolerance of meristem tissue may be an additional freezing tolerance strategy to avoid lethal freezing injury. Similarly, meristematic tissue was 4.5
• C more tolerant of high temperatures under moderate growth conditions compared to chlorenchyma. This physiological adaptation may again reflect a tendency of cacti to adopt multiple strategies to avoid high temperature damage, such as experienced by small seedlings [1] . For Opuntia bigelovii, detached stem segments can tolerate about 4
• C higher temperatures after being on the ground for a week; larger diameter segments have a lower average maximum surface temperature, spines can raise stem segments off the ground and lower temperatures by up to 5
• C, and spines can additionally lower maximum stem temperatures by 3
• C by shielding from shortwave irradiation [1, 6] . Detached cladodes of N. cochenillifera and O. robusta may likewise avoid lethal high temperatures with their large diameters, temperature acclimation, and especially the meristematic tissue tolerance of high temperatures.
The enhanced low-temperature tolerance of meristematic tissue can also be an important factor limiting the distributional ranges of cacti, because avoidance of freezing temperatures by meristematic tissue assures the regrowth of shoots and roots after parts of the cacti have died. The northern limit of columnar cacti, such as the saguaro (Carnegiea gigantea), apparently is determined by the low temperatures occurring at the stem apex resulting in freezing damage [6, 7] ; for instance, they tend to grow on south-facing slopes in regions where freezing occasionally occurs, and seedlings must often establish under the canopy of nurse plants [1] . Morphological features, including stem massiveness, pubescence, and spines that cover apical meristem of some columnar and barrel cacti, afford special protection from freezing damage [1, 6, 7] . Potential regions for cultivation of other cacti are limited by minimum temperatures. The tropical hemiepiphyte H. undatas can only be cultivated in the 2% of California where extreme temperatures are above −2.5
• C and below 45
• C, compared to 36% for Opuntia ficusindica, primarily because the latter is only excluded from areas whose minimum temperature is below −10 • C [26] . In conclusion, the tolerance of chlorenchyma and parenchyma tissue of N. cochenillifera, O. robusta, and S. megalanthus to extreme temperatures was similar, whereas meristematic tissue was more tolerant of both low and high temperatures. This challenges the common perception that dividing cells are more sensitive to extreme temperatures compared to mature cells [16, 17] . Chlorenchyma and meristem showed acclimation to extreme temperatures, with a larger acclimation to high temperatures for chlorenchyma. Multiple morphological and physiological strategies apparently allow cacti to survive extreme temperature, including those occurring during changing climatic conditions. The sensitivity and response of tissue types to extreme temperature, in particular meristematic tissue, may ultimately limit the latitudinal and the elevational natural distribution, as well as the regions of cultivation for various cacti and other species.
